Many fluorescent proteins are currently available for biological spectroscopy and imaging measurements, allowing a wide range of biochemical and biophysical processes and interactions to be studied at various length scales. However, in applications where a small fluorescence reporter is required or desirable, the choice of fluorophores is rather limited. As such, continued effort has been devoted to the development of amino acid-based fluorophores that do not require a specific environment and additional time to mature and have a large fluorescence quantum yield, long fluorescence lifetime, good photostability, and an emission spectrum in the visible region. Herein, we show that a tryptophan analog, 4-cyanotryptophan, which differs from tryptophan by only two atoms, is the smallest fluorescent amino acid that meets these requirements and has great potential to enable in vitro and in vivo spectroscopic and microscopic measurements of proteins.
Many fluorescent proteins are currently available for biological spectroscopy and imaging measurements, allowing a wide range of biochemical and biophysical processes and interactions to be studied at various length scales. However, in applications where a small fluorescence reporter is required or desirable, the choice of fluorophores is rather limited. As such, continued effort has been devoted to the development of amino acid-based fluorophores that do not require a specific environment and additional time to mature and have a large fluorescence quantum yield, long fluorescence lifetime, good photostability, and an emission spectrum in the visible region. Herein, we show that a tryptophan analog, 4-cyanotryptophan, which differs from tryptophan by only two atoms, is the smallest fluorescent amino acid that meets these requirements and has great potential to enable in vitro and in vivo spectroscopic and microscopic measurements of proteins.
fluorescence protein | fluorescence probe | unnatural amino acid | imaging O f the amino acids that are inherently responsible for the fluorescence of proteins, tyrosine (Tyr), tryptophan (Trp), and phenylalanine (Phe), Trp is the most widely used fluorescence reporter of protein structure, function, and dynamics, as its fluorescence quantum yield (QY) is comparatively large and is also sensitive to environment (1) (2) (3) . However, Trp absorbs/emits in the UV wavelength region and has low photostability. Combined, these factors render this naturally occurring fluorescent amino acid hardly useful as a fluorophore for single-molecule measurements (4) and imaging applications, especially under in vivo conditions. For this reason, significant efforts have been devoted to identifying small unnatural fluorophores (5-11) that could overcome this limitation. So far, only naphthalene-based fluorophores, such as prodan (8, 9) and aladan (11) have been shown to be useful in this regard. However, these fluorophores are not structurally based on any naturally occurring amino acids and are larger in size than Trp, making them less attractive in applications where there are stringent requirements for the fluorophore size and structure. Therefore, the development of a smaller, ideally amino acid-based, fluorophore that does not require additional time to mature, have a large fluorescence QY, long fluorescence lifetime, good photostability, and an emission spectrum in the visible range, would enhance biological research. Herein, we show that a Trp analog, 4-cyanotryptophan (4CN-Trp), meets these requirements and has great potential to expand biological fluorescence spectroscopy and microscopy into additional territory.
Many past studies have focused on Trp-based unnatural amino acids, including azatryptophans (5, 6, 12) and various indole-ring substituted analogs (13) (14) (15) (16) , aiming to identify useful biological fluorophores. Whereas some Trp analogs indeed exhibit improved fluorescent properties over Trp, none of them has found broad applications due to certain photophysical limitations. Recently, Talukder et al (15) showed that 6-cyanotryptophan (6CN-Trp) and 7-cyanotryptophan (7CN-Trp) have a significantly increased QY (about 0.5 in methanol) compared with that of Trp (about 0.15 in water), suggesting that cyanotryptophans are potential candidates that meet the aforementioned requirements. However, the emission maxima of 6CN-Trp and 7CN-Trp in methanol are centered at 370 and 390 nm, respectively, making them less attractive as visible fluorophores. As shown (Fig. 1) , the absorption and emission spectra of 4-cyano-indole (4CNI), the sidechain of 4CN-Trp, are significantly shifted from those of indole (or Trp) and, in particular, an emission maximum of 405 nm suggests that 4CN-Trp could be a viable candidate for the aforementioned amino acid-based fluorophores. Indeed, our results confirm that 4CN-Trp emits in the blue region of the visible spectrum with a large QY (>0.8) and has a long fluorescence lifetime (13.7 ns), a reasonably large molar extinction coefficient (∼6,000 M
), and good photostability. Taken together, these qualities make 4CN-Trp an attractive blue fluorescent amino acid (BFAA) for biological spectroscopy and microscopy.
Results and Discussion
Fluorescence Quantum Yield Measurements. To explore the feasibility of using 4CN-Trp as a biological fluorescence emitter, we first examined the QY of its fluorophore, 4-cyano-indole (4CNI). As shown (Fig. 1B) , the absorption spectrum of 4CNI in water is broader than and red shifted from that of Trp, making it possible to prepare its electronically excited and fluorescent state using an excitation wavelength (λ ex ) of greater than 310 nm, without exciting any of the naturally occurring fluorescent amino acids. This constitutes one of the key advantages of using 4CNI-based amino acid fluorophores. Similarly, the fluorescence spectrum of 4CNI in water is red shifted from that of indole (Fig. 1C) , with a maximum emission wavelength of 405 nm. In addition, and perhaps more importantly, the integrated fluorescence intensity of 4CNI is much larger than that of indole, indicating that 4CNI has a much larger fluorescence QY than indole. To determine the QY of 4CNI, we quantitatively compared its fluorescence Significance Herein, we report a tryptophan-based fluorophore that emits in the visible spectral region when excited with 355-nm light. Because this blue fluorescent amino acid has a small size and affords unique photophysical properties, we expect that it will find use in various biological studies, especially in spectroscopic and/or microscopic measurements where an amino acid-sized fluorescence reporter is required. spectrum with that of Trp or 9,10-diphenylanthracene (DPA) (Fig. 1D ) using the following relationship (17) :
where I is the integrated fluorescence intensity, A is the optical density of the fluorophore at λ ex , n is the index of refraction of the solvent, and the subscripts S and R represent the sample and reference, respectively. Both Trp and DPA are commonly used fluorescence QY standards (18) , with a QY of 0.15 for Trp in water at λ ex = 270 nm and 0.9 (0.97) for DPA in cyclohexane at λ ex = 325 nm (355 nm). Therefore, for an λ ex of 270 nm, we used Trp as the reference, whereas for an λ ex of equal to or larger than 325 nm, we used DPA as the reference. As indicated (Table 1) , at λ ex of 270 nm, the QY of 4CNI was determined to be 0.85 ± 0.13. To the best of our knowledge, this value is the largest among the reported QY values of all indole (the sidechain of Trp) derivatives, signifying the potential utility of 4CNI as a biological fluorophore. Moreover, the high QY of 4CNI is preserved at even longer excitation wavelengths, determined using DPA as a reference (Table 1) . Taken together, these results suggest that 4CN-Trp could be a bright enough fluorophore for biological single-molecule and imaging experiments, excited in a spectral region separated from that of other intrinsic fluorescent amino acids.
Because the photophysical properties of 4CNI could change when incorporated in an amino acid or peptide environment, we further quantified the absorption and emission spectra of 4CN-Trp, Gly-Gly-4CN-Trp, 4-cyano-indole-3-acetic acid (4CNI-3AA), and 4CN-Trp*-Gly. (For nomenclature see Fig. 1A ; 4CN-Trp and Gly-Gly-4CN-Trp were evaluated as the corresponding N-acetyl methyl esters, whereas the other peptides are assessed as the free carboxylates.) 4CN-Trp was synthesized as described in Materials and Methods, whereas the corresponding 4CN-Trp* peptide derivatives were prepared from the commercially available and relatively inexpensive 4CNI-3AA, which can be conveniently appended to the N-terminal end of a peptide (Fig. 1A) . As shown (Fig. 1) , the absorption and emission spectra of 4CN-Trp, 4CNI-3AA, Gly-Gly-4CN-Trp, and 4CN-Trp*-Gly in water are very similar to each other, suggesting that 4CNI-3AA can be used as an alternative of 4CN-Trp. Furthermore, their absorption spectra extend further to the longer wavelengths in comparison with that of 4CNI, with a second maximum at 325 nm. These absorption characteristics are important, as they render the use of various commercially available lasers, such as the 355-nm YAG laser or the 325-nm HeCd laser commonly used in flow cytometry, to excite the 4CN-Trp fluorophore.
As indicated (Fig. 1C) , the fluorescence spectra of 4CN-Trp, 4CNI-3AA, Gly-Gly-4CN-Trp, and 4CN-Trp*-Gly have a peak wavelength of greater than 415 nm, making the 4CN-Trp chromophore a true blue fluorescence emitter. Perhaps more importantly, their fluorescence QYs in water at 25°C are larger than 0.80 when an λ ex of 325 nm was used ( Table 1 ), confirming that 4CN-Trp is a highly emissive BFAA. Further measurements on 4CN-Trp*-Gly in a 20 mM phosphate buffer (pH 7.2) at 37°C and in tetrahydrofuran (THF), an aprotic solvent commonly used to mimic the hydrophobic interior of proteins because of its low dielectric constant, show that the QY is only decreased to about 0.6 (Table 1 ) under these condition. This is a key finding as it indicates that the strong fluorescence emission property 4CN-Trp is maintained under physiological conditions and also in a dehydrated environment. It is well known that several amino acids (19) , including methionine (Met) (20) , can quench Trp fluorescence. However, as shown (Table 1 and Fig. S1A ), the QY of 4CN-Trp*-Met is similar to that of 4CN-Trp*-Gly. This result suggests that the fluorescence QY of 4CN-Trp may not be as sensitive to nearby residues as Trp is. Taken together, the above results suggest that the brightness of a 4CNI fluorophore in a protein will not be significantly affected by its location and can be attached to either a solvent-exposed or buried position.
Fluorescence Lifetime Measurements. In applications where the fluorophore of interest is imbedded in a heterogeneous and lightscattering medium, such as cells, time-based fluorescence measurements can be advantageous. Therefore, we further determined the fluorescence decay kinetics of 4CNI, 4CNI-3AA, 4CN-Trp, Gly-Gly-4CN-Trp, and 4CN-Trp*-Gly. As shown (Fig. S2 ), 4CNI, 4CNI-3AA, and 4CN-Trp*-Gly in water afford single-exponential fluorescence decay kinetics with, more interestingly, a long lifetime (e.g., 12.6 ns for 4CN-Trp*-Gly) ( Table 1 ). The fluorescence decay kinetics of 4CN-Trp and Gly-Gly-4CN-Trp show a predominant long lifetime component (∼13.6 ns; ∼95%), and a small 5% shorter lifetime component (∼1.8 ns) ( Table 1 ). It is possible that this double-exponential decay behavior arises from different 4CN-Trp rotamers, as proposed for interpreting the nonsingle-exponential fluorescence decay kinetics of Trp (17) . However, the fact that both the C and N termini of 4CN-Trp and Gly-Gly-4CN-Trp used in the current study are capped and that the fluorescence of 4CN-Trp*-Gly, which has an amide bond, decays in a single-exponential manner, argue against this possibility. Therefore, we tentatively attribute the shorter lifetime component to an impurity that cannot be removed by the purification methods used. One likely candidate for this impurity is Trp, a byproduct of the synthesis of 4CN-Trp. Regardless of the origin of this minor component, the prolonged fluorescence lifetimes of these model systems are consistent with their high QY values. In addition, they demonstrate that 4CN-Trp could be a useful fluorophore in time-gated fluorescence imaging applications as its long florescence lifetime allows more efficient elimination of the autofluorescence background (∼6 ns) in experiments involving cells (21) . As shown (Table 1 and Fig. S2 ), the long fluorescence lifetime of 4CN-Trp*-Gly (7.6 ns) is also maintained in THF, indicating that its fluorescence utility is not significantly compromised even when sequestered in a hydrophobic environment in proteins, making it a versatile fluorescence probe. In addition, the fluorescence lifetime of 4CN-Trp*-Met (12.2 ns) is nearly identical to that of 4CN-Trp*-Gly (Table 1 and Fig. S1B ), corroborating the conclusion reached above that Met does not quench the fluorescence of the 4CNI fluorophore.
Photostability Measurement. A key factor determining the utility of a fluorophore in single-molecule spectroscopy or confocal imaging application is its photostability. Therefore, we attempted to determine the photostability of the fluorophore in 4CN-Trp*-Gly. However, there are no standard practices to measure the photobleaching rate, as this rate depends upon many factors, including the source intensity (arc lamp or laser), the excitation filters, and the type of experiment being performed (e.g., singlemolecule versus bulk) (22) , which complicates comparisons between fluorophores measured at different times and places. Therefore, we compared the photobleaching kinetics of 4CN-Trp*-Gly and the enhanced blue fluorescent protein (EBFP) (23) under identical conditions (i.e., both samples have the same integrated absorbance at the excitation wavelength). As indicated ( Fig. 2A) , after exposing the sample to 355-nm light, derived from a Jobin Yvon Horiba Fluorolog 3.10 fluorometer equipped with a 450 W xenon arc lamp with the excitation slit width set at 5 nm, the fluorescence intensity of 4CN-Trp*-Gly in water at 25°C decreased only ∼25% from its initial value in 10 h, whereas that of EBFP decreased ∼75% over the same time period. Thus, these results demonstrate that the 4CN-Trp fluorophore is more resistant to photobleaching than EBFP, a property very useful in measurements, such as time-lapse imaging, wherein the same set of fluorophores is required to be exposed to excitation light for a relatively long period.
Furthermore, to provide a direct visual comparison between the fluorescence intensities of these two fluorophores, we took pictures of a 50-nM 4CN-Trp*-Gly sample and a 50-nM EBFP sample. As shown (Fig. 2B) , both samples emit blue light of comparable brightness when excited with the same light (λ ex = 340 nm, derived from the aforementioned fluorometer), substantiating the notion that 4CN-Trp could be used as an alternative to fluorescent proteins.
Fluorescence Imaging Application. In a proof-of-principle imaging experiment, we used the 4CNI fluorophore to monitor the distribution of a cytotoxic and antimicrobial peptide (AMP) inside HEK293T/17 cells. Specifically, we appended a 4CNI fluorophore to the N terminus of an AMP, Mastoparan X (MpX) (24) , via reacting 4CNI-3AA with MpX using the same synthesis method used to make 4CN-Trp*-Gly (the resultant peptide is hereafter referred to as 4CN-Trp*-MpX). First, we used a commercial wide-field microscope (Olympus IX71) equipped with a 60× water objective and a 100-W Hg lamp to test whether the fluorescence is strong enough under conditions commonly used in similar imaging applications (i.e., 1-10 μM peptide and ∼3,000 cells). In comparison with the control (Fig. 3 A and D) , it is apparent that the fluorescence image (Fig. 3F ) acquired with 10 μM peptide allows a clear visualization of the distribution of 4CN-Trp*-MpX inside the HEK cells, which shows that this AMP distributes throughout the cell except in the nucleus. This result indicates, as also observed for other peptides (25, 26) , that MpX is not only able to bind to cell membranes but can also permeate into the cytosol. Whereas, as expected, the fluorescence image obtained with 1 μM peptide (Fig.  3E ) is much fainter, it still provides enough contrast to allow a rough visual inspection of the AMP distribution, in comparison with the control (Fig. 3 A and D) . This is a remarkable result, considering the fact that the commercial optical filter sets available on the microscope limited the shortest excitation wavelength to 355 nm, which locates at the tail region of the absorption spectrum of the amino acid fluorophore (Fig. 1B) . In other words, an excitation wavelength of 330 nm, where 4CN-Trp exhibits a maximum absorbance, would substantially increase the image contrast or render the use of lower peptide concentrations. Furthermore, time-lapse microscopic measurements showed that useful images can still be obtained even after exposing the AMP-bound cells to the excitation light for over 15 min (Fig. S3) , consistent with the notion that 4CN-Trp is a highly photostable fluorophore. It is known that AMPs can cause cell death via two mechanisms, necrosis and apoptosis (27) . Necrosis results in cell membrane rupture and loss of cellular content, whereas apoptosis leads to cell fragmentation and formation of smaller apoptotic bodies that still contain functional organelles. It is apparent that interaction with MpX leads to HEK cell death, as the morphology of the cell becomes more circular and shrinks in size upon increasing 4CN-Trp*-MpX concentration (Fig. 3) . To determine the mechanism of action of MpX toward HEK cells and to also verify the potential utility of 4CN-Trp in confocal microscopy, next we used a homebuilt confocal microscope to image the "products" arising from AMP-induced HEK cell death. For comparison, we used the same cell sample used to generate the wide-field image in Fig. 3E (i.e. , in the presence of 1 μM 4CN-Trp*-MpX) but waited ∼10 more hours before confocal measurements to ensure cell death throughout the entire population. As shown (Fig. 4A ), large-area confocal images acquired with low spatial resolution suggest that the HEK cells in this case die via the apoptosis pathway, as manifested by formation of membrane blebs and small vesicle-like particles (27) . Further evidence supporting this notion comes from a confocal image acquired with a higher spatial resolution (Fig. 4B) , which clearly shows the existence of micrometer-sized components that can interact with 4CN-Trp*-MpX within a circular bleb. It is noteworthy that our confocal microscope used a 340-nm LED as the excitation source, which is less focusable and has a low power (>6 μW) compared with a coherent laser beam. Additionally, the photon counting detector in the current confocal setup is optimized to detect photons in the red region of the visible spectrum, with less than 20% efficiency in the fluorescence spectral region of 4CN-Trp*-MpX. Therefore, we believe that better 4CN-Trp fluorescence confocal images (i.e., better resolution and contrast) can be obtained when a coherent light excitation source and a detector optimized to detect blue fluorescence are used.
Conclusions
Because of its relatively large molar absorptivity and fluorescence QY, Trp has become the natural target or template of many previous efforts to develop amino acid-based fluorophores for biological applications. Whereas several Trp-based fluorescent unnatural amino acids have been shown to offer improved spectroscopic utility over Trp (5-7), none of them has been proven to be useful for in vivo imaging applications. Herein, we have shown that by replacing the hydrogen atom at the fourth position of the indole ring of Trp with a nitrile group, the resultant unnatural amino acid, 4CN-Trp, exhibits unique photophysical properties: it has an absorption spectrum peaked at ∼325 nm, an emission spectrum peaked at ∼420 nm, a large fluorescence QY (0.8-0.9), a long fluorescence lifetime (13.7 ns), and good photostability. Combined, these properties make 4CN-Trp an exceedingly useful fluorescent reporter for in vitro and in vivo spectroscopic and microscopic applications. Whereas 4CN-Trp has not yet been biosynthetically incorporated into protein systems, we do not believe this is a difficult technological undertaking as various methods (13, 15, 28, 29) have been developed to site-specifically incorporate other Trp analogs, such as 6CN-Trp and 7CN-Trp (15), hydroxytryptophans (13), azatryptophans (13) , and methyltryptophans (29) , into the proteins of interest. Furthermore, we believe that the current study is only the first step in exploring the potential utility of 4CN-Trp in biological research; we expect that future studies will investigate its applicability in single-molecule spectroscopy and multiphoton microscopy. In comparison with Trp, which poses several challenges in these types of applications (30-32), 4CN-Trp has the advantages of being more photostable and having an excitation spectrum that is readily accessible by a typical femtosecond Ti:Sapphire laser (700-1,000 nm). Moreover, besides its attractive photophysical properties, the small size of 4CN-Trp, which only differs from its naturally occurring counterpart by two atoms, will make this BFAA especially useful in applications where a minimally perturbing fluorescence probe is required. Finally, it is worth mentioning that further experimental and theoretical studies are needed to understand why 4CN-Trp possesses rather unique photophysics, in comparison with other tryptophan derivatives.
Materials and Methods
Small molecules were purchased from either Acros Organics (Trp, 4CNI, and DPA), Ark Pharm (4CNI-3AA), or Sigma (indole) and used as received. To the best of our knowledge, 4-cyano-L-tryptophan was currently not available commercially. Therefore, we synthesized 4-cyano-L-tryptophan by first synthesizing N-alpha-Boc-4-bromo-L-tryptophan methyl ester, which was prepared from the readily available 4-bromo-L-tryptophan by methylation using TMSCH 2 N 2 followed by Boc protection using the reagents Boc 2 O and triethylamine. Palladium-catalyzed cyanation of the N-alpha-Boc-4-bromo-L-tryptophan methyl ester was performed under mild condition (40°C, overnight) with the ligand developed by Cohen and Buchwald (33) . Subsequent Boc deprotection by TFA [50% in dichloromethane (DCM)] provided the amine, which was acetylated using acetic anhydride in dimethylformamide (DMF). High performance liquid chromoatography (HPLC) furnished the purified 4CN-tryptophan derivative as the acetyl, methyl ester (designated 4CN-Trp). For the solution phase peptide synthesis, the amine of 4-cyano-L-tryptophan methyl ester was coupled to Fmoc-Gly-Gly-OH using O-(6-Chlorobenzotriazol-1-yl)-N,N,N′,N′-tetramethyluronium hexafluorophosphate (HCTU) and N,N-diisopropylethylamine (DIPEA). The Fmoc group was removed by diethylamine and the amide was acetylated using acetic anhydride in DMF to furnish the N-acetyl methyl ester of the tripeptide Gly-Gly-4CN-Trp after HPLC purification. Steady-state fluorescence spectra were collected on a Jobin Yvon Horiba Fluorolog 3.10 fluorometer. Fluorescence decay kinetics were collected on a home-built time correlated single photon counting (TCSPC) setup, using an excitation of 270 nm. Wide-field fluorescence images were acquired on an Olympus IX71 microscope equipped with a 100-W Hg lamp and a 60× water objective. Confocal images were acquired on a home-built stagescanning confocal microscope. Additional details of 4CN-Trp and Gly-Gly-4CN-Trp synthesis, sample preparation (Fig. S4) , fluorescence measurements (Fig.  S5) , and imaging experiments are given in SI Materials and Methods.
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SI Materials and Methods
Synthesis of N-Alpha-Boc-4-Bromo-L-Tryptophan Methyl Ester. The 4-bromo-L-tryptophan (283 mg, 1 mmol) was dissolved in 20% MeOH in DCM (10 mL) and trimethylsilyldiazomethane (2 M in hexane) was added dropwise at room temperature. The solution was stirred for 3 h and the volatiles were removed under reduced pressure. The residue was dissolved in anhydrous DCM (2 mL) then triethylamine (2 mmol) and Boc anhydride (0.23 mL, 1.1 mmol) were added. The mixture was stirred overnight and concentrated under reduced pressure. The residue was purified by silica gel column chromatography (0-10% MeOH in DCM) to yield N-alpha-Boc-4-bromo-L-tryptophan methyl ester (192 mg, 48%). The expected mass (MH + ) of 397.7 was observed using ESI-MS (positive). Then, a saturated NaHCO 3 solution (2 mL) and ethyl acetate (3 mL) were added, stirred for 5 min, and separated. The aqueous layer was extracted with ethyl acetate and the combined organic layer was dried over Na 2 SO 4 . The volatiles were removed under reduced pressure and the residue was purified by silica gel column chromatography (10-70% ethyl acetate in hexanes) to give the desired product (16 mg, 10%). The following proton ( . N-alpha-Boc-4-cyano-L-tryptophan methyl ester (16 mg, 0.047 mmol) was treated with 50% trifluoroacetic acid in DCM (2 mL) for 3 h. The volatiles were removed under reduced pressure and the sample was lyophilized. The product was purified by reverse phase HPLC. N-terminal acetylation was accomplished by stirring the amino acid in acetic anhydride (5:1 molar ratio) in DMF for 1 h. The sample was then dissolved in H 2 O and lyophilized to remove the DMF and water. Purified amino acid was obtained by reverse phase HPLC. The expected mass (MH + ) of 286 was observed using ESI-MS (positive).
Ester (Gly-Gly-4CN-Trp). The rest of the crude N-alpha-Boc-4-cyano-L-tryptophan methyl ester solid was dissolved in DMF (1 mL) and Fmoc-Gly-Gly-OH (20 mg, 0.056 mmol), DIPEA (26 μL, 0.15 mmol), O-(7-Azabenzotriazol-1-yl)-N,N,N,N-tetramethyl uronium hexafluorophosphate (HATU) (16 mg, 0.042 mmol) were added. The mixture was stirred at room temperature overnight and water (3 mL) was then added. The mixture was extracted with ethyl acetate (5 mL) and the organic layer was concentrated. The residue was dissolved in 30% diethylamine in acetonitrile (5 mL) and stirred for 1 h. The volatiles were removed under reduced pressure and the residue was purified by reverse phase HPLC. N-terminal acetylation was accomplished by stirring the peptide in acetic anhydride (5:1 molar ratio) in DMF for 1 h. The sample was then dissolved in H 2 O and lyophilized to remove the DMF and water. Purified peptide was obtained by reverse phase HPLC. The expected mass (MH + ) of 358 was observed using ESI-MS (positive). (Fig. S4) .
Cell Culture. HEK293T/17 cells were seeded in an eight-well LabTek chamber slide at 3,000 cells per well. Cells were grown overnight at 37°C in a 5% CO 2 incubator. Before use, the growth media was removed by pipette from the cells and the cells were subsequently washed once with pH 7.4 phosphate buffer saline (PBS) (Thermo Fisher). An appropriate amount of a 500 μM stock solution of 4CN-Trp*-MpX in Millipore water was added to each well containing the cells in PBS to achieve the desired final peptide concentration (1 or 10 μM). The mixture was allowed to incubate for 1 min before wide-field imaging measurements. For cell samples used in the confocal microscopic measurement, the mixture was incubated ∼10 h at room temperature before use.
Absorption Measurements. UV-Vis absorption spectra were collected on a Jasco V-650 UV-Vis spectrophotometer using a 1.0-cm quartz cuvette at room temperature.
Static and Time-Resolved Fluorescence Measurements. All static fluorescence measurements were collected on a Jobin Yvon Horiba Fluorolog 3.10 fluorometer at 25°C (or 37°C, as noted) using a 1.0-cm quartz cuvette with spectral resolution of 1.0 nm and an integration time of 1.0 s/nm. To minimize the inner filter effect, self-quenching, and potential detector saturation, each and every solution used in the QY measurements was prepared by diluting a stock solution of high concentration (the absorbance at the corresponding excitation wavelength was in the range of 0.1-0.5) 100-fold. QYs were determined as described in the text and for each case, the reported value corresponds to the average of three measurements using independent solutions. Additionally, for the QY determination of 4CNI-3AA, 4CN-Trp, and Gly-Gly-4CN-Trp at 325 nm, the gradient method was used where a series of dilutions was used to determine the ratio between the integrated area of the fluorescence, I, and the absorbance at the λ ex , A (Fig. S5) . This ratio is then used in Eq. 1 in the text to calculate the QY. For the photobleaching experiments, EBFP and 4CN-Trp*-Gly solutions were prepared in water such that the integrated optical densities for both samples are the same (∼0.5) in the spectral region of the excitation light (355 ± 2.5 nm), defined by the excitation slit width of the Fluorolog 3.10 fluorometer that uses a 450-W Xe arc lamp as the light source. Emission intensity was recorded at 450 ± 1 nm for EBFP and at 415 ± 1 nm for 4CN-Trp*-Gly every minute for 10 h.
Time-resolved fluorescence measurements were obtained on a time-correlated single photon counting (TCSPC) system with a 0.4-cm quartz cuvette at room temperature. The details of the TCSPC system have been described elsewhere (16) . Briefly, the 270-nm excitation pulse was generated by collinear frequency tripling of the fundamental output (800 nm) of a home-built femtosecond Ti: Sapphire oscillator (85 MHz). The repetition rate was decreased to 21 MHz using an electro-optical pulse picking system (Conoptics, Inc.). Fluorescence decays were collected under the magic-angle polarization condition using a microchannel plate photomultiplier tube (MCP-PMT) detector (Hamamatsu R2809U) and a TCSPC board (Becker and Hickl SPC-730). Rejection of excitation light was accomplished by a 405/50-nm bandpass filter (Semrock) and a 300-nm longpass filter (Semrock). Fluorescence decays were deconvoluted with the experimental instrument response function (IRF) and were fit to either a single-exponential or biexponential function using FLUOFIT (Picoquant GmbH). The OD of each sample was ∼0.1 at the excitation wavelength (270 nm).
Fluorescence Imaging. Wide-field fluorescence images were acquired at room temperature using an Olympus IX71 inverted microscope equipped with a 100-W Hg lamp, a 60× (0.9 N.A.) water objective, and HCImage Live software. Excitation light was selected using a 355/25-nm bandpass filter and the emission was isolated via a 420-nm longpass filter. The integration time for each image was 50 ms. Image processing and analysis were carried out using the ImageJ 1.50 software (34) . Confocal images were collected on a home-built stage-scanning confocal microscope at room temperature. Specifically, an inverted microscope (Eclipse TE300, Nikon) equipped with a 100× oil immersion objective (CFI S Fluor, Nikon) was used to condense the excitation light, which was derived from a UV LED light source (M340L4, Thorlabs). This LED produces continuous wave (CW) light centered at 344 nm with a full width at half maximum (FWHM) bandwidth of 10 nm. The light emitted from the LED was first collimated by a collimation adapter (SM1P25-A, Thorlabs), followed by further collimation of the resultant beam using a two-lens collimator with a 60-μm pinhole at the cofocal point of the two focusing lenses. The power of the incident light was measured to be ∼6 μW before entering the microscope. A dichroic mirror with an edge wavelength of 349 nm (ZT349rdc, Chroma Technology) and a longpass filter with a cutoff wavelength of 365 nm (ET365lp, Chroma Technology) were used to allow the pass/rejection of the emission/excitation light. Fluorescence emission was then focused and passed through a 60-μm confocal pinhole and then measured by a single photon counting detector (SPCM-AQRH-15, Excelitas Technologies) with an integration time of either 0.5 or 1.0 ms at each scanning position. The confocal image was acquired by a point scanning method, which was accomplished by a high-resolution XY microscope stage (P-734, Physik Instrumente) controlled by a piezo controller (E-501.00, Physik Instrumente). Table 1 . Top in each case is the corresponding residual plot. Between each measurement, the sample was continuously illuminated by the excitation light of the microscope. It is noticeable that the fluorescence intensity undergoes a large change between the first and second image. However, it is unclear whether this change is caused by photobleaching or peptide redistribution between the solution and cellular phases. Table 1 .
